In this article, we will report the low temperature Raman studies of Li 0.12 Na 0.88 NbO 3 ceramics at the ferroelectric-ferroelectric phase transitions. The spectral pattern indicates the phase transition occurs at 200 K in the cooling process and at 280 K on heating. The observed spectra are discussed as they relate to the internal stretching modes of the NbO 6 octahedron and cation translation modes. The temperature-dependent spectra show that the phase transitions may involve the rearrangement of Na ϩ cation, the relative orientation of the NbO 6 octahedral, and the displacement of Nb ions.
I. INTRODUCTION
Lithium niobate (LiNbO 3 ) is a promising material 1 for optical and acoustic applications, because of its excellent nonlinear optical properties as well as acoustic, piezoelectric, and elasto-optic properties. Sodium neonate, NaNbO 3 , is particularly interesting for the number of successive transitions between different polymorphs.
2 NaNbO 3 undergoes several phase transitions as the following: The room-temperature phase is antiferroelectric ͑usually called P phase͒ with an orthorhombic structure. P phase undergoes a ferroelectric transition below 140 K to a new phase ͑called phase N͒, which is ferroelectric with rhombohedral R 3c symmetry. Dielectric constant measurements above room temperature indicate a significant anomaly at the P -R phase transition.
3 X-ray studies 4 demonstrate that the P -N transition is more difficult to achieve than the N -P one, causing the large thermal hysteresis. Raman investigations 5 show that P -N transition is a slow process and the two phases coexist in a large temperature range, whereas the reverse transition is relatively fast. 5 Lithium sodium niobate ͑LNN͒Li x Na 1Ϫx NbO 3 is a solid solution based on a mixture of LiNbO 3 and NaNbO 3 . Zeyfang's investigations 6 have shown that polycrystalline Li x Na 1Ϫx NbO 3 offers significantly higher frequency constants than the Pb͑Ti, Zr͒O 3 . LNN show promise for high frequency filter applications. Although NaNbO 3 exhibits antiferroelectric behavior at the room temperature, LNN is ferroelectric for at least xу0.02. 7 Remarkably enhanced piezoelectric properties have been observed at xϭ0.12. Song et al. 8 showed that this phenomena can be interpreted as due to a phase transition from orthorhombic to tetragonal structure at the composition xϭ0.12.
Raman scattering method is a direct measure of molecular vibrations and is sensitive to phase transitions. In this study, we used Raman scattering technique to investigate the phonon spectra related to the low temperature phase transition of Li 0.12 Na 0.88 NbO 3 . A possible mechanism for the transition is discussed.
II. EXPERIMENT
The ceramics with xϭ0.12 used in this study were prepared by conventional ceramic technology. Raw materials used to grow Li 0.12 Na 0.88 NbO 3 ceramics were 99.99% pure Li 2 CO 3 , Na 2 CO 3 , and Nb 2 O 5 powders from APL Engineering Materials Inc. The powders were ball milled for 4 h, pressed into a lump, and sintered at 850°C for 4 h. The samples for Raman measurements were disks about 10 mm in diameter and thickness of 2 mm. X-ray powder diffraction confirmed that the single phase of Li 0.12 Na 0.88 NbO 3 was obtained. The resulting measurements indicated that the phase has orthorhombic structure with the lattice constants: a ϭ5.5585(3)Å, bϭ15.4581(7)Å, and cϭ5.4893(3)Å.
For Raman spectroscopic measurements, laser light of a wavelength of 514.5 nm was kept at about 0.2 W before passing through the density filter. The scattered radiation was analyzed with a J. Y. Ramanor U 1000 double monochromator equipped with a cooled photomultiplier tube ͑RCA C31034A-02͒. The spectra slit widths were set to maintain a resolution of about 1 cm
Ϫ1
. The frequencies reported here were estimated to be accurate to 0.5 cm Ϫ1 for sharp features. Periodic calibration checks were made using the known wavelengths of laser lines on nonlasing plasma lines.
III. RESULTS AND DISCUSSION
Although both LiNbO 3 and NaNbO 3 have NbO 6 octahedra as their basic structure units, they crystallize in different ways. LiNbO 3 at room temperature exhibits the corundumtype structure with space group R 3c (C 3v 6 ) 2 , while NaNbO 3 has the perovskite-like structure with space group Pbma (D 2h 11 ) 2 . Figure 1 demonstrates the x-ray diffraction patterns of LNN powders at different compositions. The triple peaks observed at high angles (2Ϸ57°and 68°͒ on all samples xр0.5 indicate a distortion from the idea cubic perovskite to an orthorhombic structure. The analyses showed that the LNN system up to xϭ0.15 was a single-phase perovskite solid solution with an orthorhombic structure. The crystal structure in the Li-rich region is a deformed LiNbO 3 -type structure ͑rhombohedral͒. Two phases coexist at xϭ0.5. No tetragonal structure was identified.
Low temperature Raman spectra of Li 0.12 Na 0.88 NbO 3 were studied in the temperature range 77-300 K. Figures 2  and 3 show typical Raman spectra at various temperatures of these ceramics for the cooling and heating processes, respectively. The temperature dependence of Raman bands in the cooling process is shown in Figs. 4͑a͒ and 4͑b͒ . The assignments of the observed Raman spectra follow those in Refs. 5 and 9. Lorentzian band shape and linear background were used to fit the data. The fitting wave numbers of the vibrational modes and the assignments observed in this study and previous ones on NaNbO 3 are compared in Table I .
According to Ross' 10 suggestion, the vibrational spectra may be separated into internal modes of a coordination polyhedron and the translational modes of an isolated cation. Two strong peaks at 74.8 and 82.9 cm Ϫ1 are attributed to the cation Na ϩ translation movements. The rotational modes of the NbO 6 octahedra are assigned between 100 and 155 cm Ϫ1 , while all other bands are related to internal vibration of NbO 6 octahedron. Figures 2 and 3 shows that the transition occurs at 200 K during the cooling process and at 280 K on heating. The intensity of the 117.9 and 308 cm Ϫ1 peaks suddenly drops near the transition temperature ͑200 K͒ and then these peaks disappear below 180 K, while the peak at 229 cm Ϫ1 suddenly shows up to 200 K. In the heating process ͑Fig. 3͒, the spectrum does not change up to 280 K then suddenly the 117.9 and 308 cm Ϫ1 peaks appear above this point. Figure 4͑a͒ shows the Raman bands versus temperature recorded during cooling process in the low wave number from 20 to 350 cm
Ϫ1
. In this temperature range, most modes shift to a high wave number linearly as a result of lattice contraction and the corresponding increase in the force constant. However, three bands at 117. 9 mode shifts very fast to lower wave number as the temperature decreases. In addition, two lowest modes ͑74.8 and 82.9 cm
͒ merge into one band below the transition temperature. These results indicate that a phase transition occurs at about 200 K on cooling and near 280 K on heating.
FE-FE transition. Sodium niobate has seven pervoskiterelated structures of conner sharing NbO 6 octahedra. At the high temperature ͑914 K͒, NaNbO 3 is an ideal cubic phase at which Nb is at the geometric center of a regular octahedron formed by six O atoms. In other phases, the Nb atoms are displaced from the geometric center of NbO 6 ion and can be described by distortion to the ideal cubic structure. In addition, octahedral tilting is also the main effect in the phase transition of NaNbO 3 and the resulting change in the position of the Na ϩ ions. Low temperature phase of NaNbO 3 has nearly regular NbO 6 octahedra, rotated about the triad axis. The Nb atoms shift from the center of the NbO 6 octahedra by about 0.23 Å. The polarization direction of phase N is in the ͓111͔ direction. The room temperature phase of NaNbO 3 has diad-axis displacement of Nb, thus a diad-axis title, but the third title component is free.
2 Nb atom is positioned 0.13 Å from the center of NbO 6 octahedra at phase P. 5 From the above discussion, the FE-FE transition of Li 0.12 Na 0.88 NbO 3 may involve the rearrangement of the Na ϩ ions, the tilting of the NbO 6 octahedra, and the displacements of the Nb cations. Large hysteresis is expected for the transition because of the large structure change during the transition. In the room temperature phase ͑RT͒, the two bands at 74.8 and 82.9 cm Ϫ1 are assigned to the two types of Na ions. In the low temperature phase, there is only one type of Na ϩ and Raman band shifts to higher wave number, indicating that Na-O distance is shorter. The involvement of NbO 6 octahedra is also evident as the oxygen octahedra can continuously change their orientation. Under these considerations, the atoms movements involved in 118 and 143 cm Ϫ1 modes can be understood as correlated librations of the oxygen octahedral around the c axis of the orthorhombic structure. As the temperature decreases, this tilting axis changes its orientation and 118 cm Ϫ1 peak disappears. There are also major differences for the internal bands of NbO 6 between two phases, two 6 modes at 184 and 235 cm Ϫ1 in RT phase disappear in the LT phase, while a strong peak at 225 cm Ϫ1 ͑peak C in Fig. 2͒ shows up below 200 K. It indicates that the orientation of the NbO 6 octahedral is markedly different in these two phases.
IV. CONCLUSION
The low temperature phase transition of Li 0.12 Na 0.88 NbO 3 was studied by Raman scattering method. The transition temperature was found at 200 K on cooling and 280 K on heating. Both LT and RT transition are a fast one-step process, and no coexist phase was found. While AF to FE transition of NaNbO 3 is a slow process and the phases coexist in a large temperature range. In addition, the spectra in Li 0.12 Na 0.88 NbO 3 are much simpler than those in NaNbO 3 as shown in Table I , indicating LNN exist in a different structure. There are six Raman bands corresponding to NbO 6 rotation in NaNbO 3 , while there are only two bands in Li 0.12 Na 0.88 NbO 3 at room temperature. Therefore, doping 12% Li in NaNbO 3 may cause the change of the properties on the phase transition.
